INTRODUCTION
Ribosomes are large ribonucleoprotein complexes that are the sites for the synthesis of cellular proteins (reviewed in [1] ). Their molecular mechanisms are crucially dependent on their component rRNAs, which in prokaryotes are known as 5 S, 16 S and 23 S. The core of the interface between the two ribosomal subunits (known as 30 S and 50 S) is dominated by the rRNAs and these form the basis for the three binding sites for tRNA: A (aminoacyl), P (peptidyl) and E (exit). In addition, during translation, mRNA becomes anchored to the ribosome by binding of its Shine-Dalgarno sequence to the 3 -end of the 16 S rRNA. Furthermore, rRNAs are central to the translation process, for example in mediating the accommodation of cognate tRNA, in catalysing the formation of peptide bonds, in promoting the translocation of peptidyl and deacylated tRNA between the A site, the P site and the E site, and in catalysing the hydrolysis and release of the peptide chain from tRNA.
Interference with the function of the rRNAs results in inhibition of the translation process and leads to bacterial growth-inhibition or lethality [2] . Indeed, most inhibitors of translation exert their activity by binding to specific sites within rRNAs, rather than by binding to ribosomal proteins as had been thought until quite recently [3] . Aminoglycoside antibiotics, such as paromomycin, bind to the internal loop of helix 44 of the 16 S rRNA and give rise to an increase in the level of incorporation of incorrect amino acids [4] . Other antibiotics have been found to bind 23 S rRNA at the peptidyl transferase centre and inhibit protein synthesis, either directly by preventing peptide-bond formation (chloramphenicol and clindamycin) or indirectly by causing dissociation of peptidyl tRNA (macrolides) [5] [6] [7] . Oxazolidinone antibiotics inhibit the initiation process, probably by competing with the fMet (formylmethionine) tRNA for the binding to the peptidyl transferase centre of the 23 S rRNA [8, 9] , whereas tetracycline binds 16 S rRNA and inhibits decoding [10] .
Since rRNA binding is a prominent feature of the activity of many effective antibacterial therapeutics, the screening of large libraries of compounds for rRNA binding, in parallel with antibacterial screening, might produce novel leads. Oligodeoxyribonucleotides and their analogues are reagents with well-known sequence-specific RNA-binding properties and which may be readily derivatized with fluorescent or radioactive labels. They have been used to probe the secondary structures of rRNAs on the surface of bacterial ribosomes [11] , and as inhibitors of translation in vitro; for example, by blocking the 3 -end of 16 S rRNA [12, 13] or by binding to an internal rRNA loop such as the α-sarcin loop [14, 15] . However, the binding constants of oligodeoxyribonucleotides to RNA are poor, they are unstable to cellular nucleases and also form substrates for RNase H upon binding to the rRNA. A number of ribosome photochemical cross-linking studies have been carried out using oligoribonucleotides [16, 17] as mRNA analogues or their OMe (2 -O-methyl) analogues [18] derivatized with photolabile groups as antisense agents. Such reagents were found to be more effective as ribosome-targeting agents than previously used oligodeoxyribonucleotide derivatives [19] due to their higher binding to RNA. OMe oligoribonucleotides have the added advantage of considerable resistance to cellular nucleases, lack of induction of RNase H, as well as good strand invasion properties on structured RNA such as the HIV TAR (trans-activation-responsive region) element [20] . We therefore supposed that OMe oligonucleotides might be potential reagents for use in drug displacement assays on known or new potential rRNA drug-binding sites.
To our knowledge, no systematic or quantitative probing of the binding of OMe oligoribonucleotides to RNA sites on the bacterial ribosome has been reported, nor have such reagents been studied in relation to the rRNA-binding of known antibiotics. To this end, we designed a novel equilibrium dialysis assay to measure accurately the affinities of such RNA-specific ligands to the native 30 S ribosomal subunit. We tested a set of OMe oligoribonucleotides complementary to the ribosomal A site RNA on the small 30 S subunit, a known antibiotic-binding site that is important in translation, and defined the boundaries of high-affinity oligonucleotide binding as being beyond those residues structurally implicated in the mRNA decoding process [21, 22] . Unexpectedly, addition of the A-site-selective antibiotic paromomycin, rather than causing displacement of the oligonucleotide, markedly raised the affinity of certain OMe oligoribonucleotides that bound well to the A site. The ability to confer increased affinity correlated with the ability, or not, of the antibiotic to alter the conformation of the A site. We also found that OMe oligonucleotides targeted to the A site were able to inhibit in vitro translation.
MATERIALS AND METHODS

S ribosomal subunits
30 S subunits were purified essentially as described in [23] . In brief, RNase-deficient Escherichia coli strain MRE600 was grown in 2 × TY medium (16 g of Bacto-tryptone, 10 g of Bactoyeast extract, 5 g of NaCl and double-distilled water to 1 litre), harvested at a concentration of 0.5 A 650 unit · ml − 1 , and broken open by passage through a French press at 12 000 p.s.i. (1 p.s.i. = 6.9 kPa). Following clarification and passage through a sucrose cushion (1.1 mM), sucrose/salt-washed ribosomes were resuspended in a low-magnesium buffer (1.1 mM Mg 2+ ) and centrifuged through a sucrose gradient (10-30 %; 28 000 rev./min in a Beckman SW28 Ti rotor for 16 h at 4
• C). After harvesting gradients, fractions containing the 30 S subunit were pooled, dialysed against a high-magnesium buffer (10 mM Mg 2+ ) and stored at − 80
• C. Composite gel electrophoresis (0.5 % agarose and 3 % acrylamide) was used to estimate the purity of the preparation. Two 30 S bands were seen, which correspond to with and without protein S1, migrating at 500 and 600 bp of the DNA ladder.
OMe oligoribonucleotides
OMe oligomers of various length (6-, 8-, 10-and 12-mers) were designed complementary to both C-and G-rich strands of doublestranded A site RNA (E. coli) with an overlap of x − 2, where x is the length of the oligomer. Random as well as mismatched oligomers were also designed. 
S-oligoribonucleotide dissociation constants by equilibrium dialysis
This technique enables an accurate measurement of the intrinsic affinity of a reversible bimolecular interaction [24] , provided that the molecular masses of the two interacting ligands are different enough to allow only one of them to pass through a membrane connecting two equal-volume chambers. Since the mass of the 30 S subunit is 2.5 MDa and that of the OMe oligomer is only a few kDa, these two represent an ideal pair for such an analysis. A semi-permeable membrane between the 30 S-free and the 30 S-containing chambers enables oligomer equilibration, while retaining the 30 S subunit within a single chamber.
Two-chamber equilibrium dialysis devices were purchased from the Nest Group (Southborough, MA, U.S.A.). These consist of Teflon blocks into which two rigid cylinders of exactly 100 µl capacity are cut and in between which a cellulose ester membrane with molecular mass cut-off of 100 kDa (Spectrum Laboratories, Rancho Dominguez, CA, U.S.A.) is held rigidly. The diameter of the membrane is very small (3 mm) such that the membrane area is small compared with the total size of the chambers. The design is such that significant volume alteration between the two chambers during dialysis is prevented. This allowed complete equilibration of the oligomers within 8 h at 4
• C on a shaker, while the 30 S subunit was 100 % retained in chamber B (as measured by spectrophotometry). The membrane was cut to fit the slot in the device, washed with double-distilled water to remove sodium azide and soaked in the binding buffer: 50 mM Tris/HCl (pH 7.4 at 4
• C), 10 mM MgCl 2 , 30 mM NH 4 Cl and 100 mM KCl. After membrane positioning, one of the chambers (A) was filled to capacity with the buffer containing the 32 P-labelled OMe oligomer only, while B was filled to capacity with the 32 P-labelled OMe oligomer plus the 30 S subunit. After overnight equilibration (16 h at 4
• C; ample for the oligomer equilibration and accompanied by only insignificant degradation of 30 S; results not shown), the amounts of radioactivity on each side of the membrane were measured by taking 20 µl aliquots from the chambers and radioactivity was determined by use of a liquid-scintillation counter (LS6500; Beckman Instruments). For each oligonucleotide, experiments were carried out in duplicate and then repeated (total of four determinations). Starting concentrations were 0.05 µM oligomer in each chamber and 1.6 µM 30 S subunit in chamber B (see the Results section).
To measure the dissociation constant (K d ) of the interaction between these two ligands, let 30 S = R, free OMe oligomer = O, and the complex between them = RO. The distribution of the radioactivity between the chambers matches exactly the distribution of the oligomer. The K d can be calculated using the massaction-law equation:
where square brackets represent molar concentrations.
In the two (A and B) chamber setting, as a result of the 30 Soligomer interaction in one of the chambers (e.g. B), the distribution of the oligomer in chamber B is given by: 
Double-filter binding assay
A 0.45-µm-pore-size nitrocellulose membrane (PROTRAN, Schleicher and Schuell GmbH, Dassel, Germany) was used that adsorbs the 30 S subunits, but not the unbound oligomers. In addition, a positively charged nylon hybridization transfer membrane (Hybond-N + ; Amersham Biosciences, Little Chalfont, Bucks., U.K.) was used to trap the unbound oligomers, which served as a method of radioactivity normalization for each slot [25] . The 30 S saturation binding curves were obtained by filtering through the double membrane (using slot blot MINIFOLDII apparatus; Schleicher and Schuell) mixtures of 30 S subunit and 32 P-labelled oligomer, and obtaining autoradiographs of the membranes (storage phosphor screen autoradiography; PhosphorImager, Molecular Dynamics, Sunnyvale, CA, U.S.A.), followed by their analysis using ImageQuant software (Molecular Dynamics), expressed as an integrated intensity of the pixels.
A second-order transformation of the mass-action-law equation is normally used to calculate apparent dissociation constants (K d ), which assumes that dissociation of the ligands is slow [26] . In filter binding of oligonucleotides with 50 S ribosomal subunits, others have fitted their data to a two-population model to allow for non-specific binding by oligomers at high [oligomer]/[30 S] ratios [19] . We found that our binding data, where there is an observed plateau, fit best by transforming the mass-action-law equation into a quadratic function where the apparent K d may be calculated by use of a simple in-house computer program. In calculations, we have assumed that the plateau point corresponds to 98.5 % saturation of the 30 S subunit.
Competition with antibiotics
For these experiments, optimal competition stoichiometry has been used where the 30 S subunit (0.4 µM) was bound to near saturation by an oligomer. Antibiotics (paromomycin and hygromycin B) were tested in concentrations of up to 10 mM. Anisomycin (an antibiotic that acts on eukaryotic ribosomes only) and chloramphenicol (that acts on the 23 S RNA P site) were used as negative controls.
In vitro translation-inhibition assay
In vitro translation inhibition by oligonucleotides was quantified in a coupled transcription/translation assay [27] , by use of E. coli S30 extract with the pBestLuc plasmid (Promega) as template. Translation reactions (10 µl) were incubated for 60 min at 37
• C, and translation was quantified by measuring the luminescence in a Victor II plate reader (PerkinElmer) after addition of 50 µl of luciferase reagent (Promega). The inhibition constant (IC 50 ) was obtained from fitting concentration-response curves to the data of at least three independent experiments as the concentration of half-maximal inhibition.
RESULTS
We chose the ribosomal A site (decoding site) within helix 44 of the 16 S rRNA as the model system for targeting OMe oligomers. First, in structural models, the A site is seen to be exposed on the surface of the small 30 S subunit [28] . Secondly, unpaired base residues A 1492 and A 1493 within the A site are crucial to the decoding process and to codon/anticodon recognition [4] , the selection of tRNA by the ribosome [29] , as well as to the binding of initiation factor 1 [30] . Thirdly, the A site is well known to be the site of interaction of aminoglycoside antibiotics [4, 31] , which can therefore provide tools for assay development and target validation. Figure 1 shows the sequence and secondary structure of the A site RNA. Surprisingly, to our knowledge, oligonucleotides have not been targeted to this site previously. In our preliminary tests, OMe oligomers targeted to the C-rich strand (residues C 1399 to C 1412 ) showed poor binding, presumably because the oligomers contained a stretch of G-residues (5 -GGGCGG-3 ) that caused them to aggregate (results not shown). In contrast, oligomers targeted against the G-rich strand of the A-site RNA showed promising binding characteristics and therefore were used in binding studies.
Saturation filter-binding experiments
We have utilized previously a well-known technique to assess binding strengths of proteins to RNA [32, 33] or oligonucleotides to RNA [20] , which is the measurement of the amount of complex retention on nitrocellulose filters. This technique has been applied to binding of photolabile OMe oligonucleotides to 50 S ribosomal subunits [18, 19] , but not previously to 30 S subunits. We therefore assessed the binding strengths of the oligomers using the filterbinding technique. First, the OMe oligonucleotides were held in fixed concentration (5 RNA, were found to bind to the 30 S subunit in rank order of size as follows: 12-mer > 10-mer 8-mer > 6-mer > random 10-mer (Figure 2A) . In a second experiment, 10-mers were selected for a preliminary scan of the A-site region. Sequences of 10-mers are shown in Figure 3 . Here, the 30 S subunit was used at a fixed concentration of 0.76 µM, while the concentration of oligomer was varied. In most cases, it was not possible to obtain plateaux for the curves within the range of the oligomer concentrations used (up to 130 µM). Only two 10-mers, 1493 and 1495, bound to 30 S subunits strongly enough (as determined by their retention on the filters) for their apparent affinities to be estimated using this experimental approach ( Figure 2B ). Measured apparent K d values for these two 10-mers were approx. 330 nM. Thus filter-binding data are not sufficiently amenable to determination of accurate K d values over a wide enough range of oligonucleotide lengths and affinities, although it may still be valuable for semi-quantitative scans.
K d measurements of the binding of OMe oligoribonucleotides to the 30 S subunit by equilibrium dialysis
Consequently, we designed and applied an equilibrium-dialysisbased method to measure the binding strength (see the Materials and methods section). An advantage of this technique is that there is a true equilibrium established and that therefore a true dissociation constant (K d ) can be measured. A starting concentration of 0.05 µM oligomer in each chamber and 1.6 µM 30 S subunit in chamber B was used in these equilibrium dialysis experiments, which represents an excess of 30 S ribosomal subunits over oligomer (i.e. sub-saturating for the 30 S subunit). This is the reverse situation compared with filter-binding experiments of Figure 2 Although the buffer conditions are not identical, it is of interest to note that the best 10-mer 1493 has a K d value (29 nM) similar to that previously measured by a direct equilibrium fluorescence method for a 12-mer OMe oligonucleotide binding to a stem-loop TAR RNA in a region with apical loop, double helix and internal bulge (approx. 20 nM) [34] . This suggests that the nucleotides bound within the A site may not be dissimilar in accessibility to those found within other structured RNAs and thus not significantly hindered by the overall 30 S ribosomal subunit nucleoprotein assembly. Another interesting observation is that the measured K d falls, with statistical significance, as the number of expected contacts increases of the oligomer with nucleotides on the targeted strand of the 16 S RNA secondary structure that are not in hydrogen-bonded pairs within helix 44, as seen in the crystal structure [29] (shaded grey in Figure 3 ) (r = −0.65; P < 0.05). This is suggestive of the role that such unpaired nucleotides play in facilitating the binding of the oligomers to the 16 S RNA within the 30 S subunit. 
Binding specificity
In addition to the non-complementary, random-sequence oligomer, which showed very poor binding (see above), we also assessed the binding affinity of partially mismatched oligomers. Either the third or the eighth nucleotide, or both, were substituted to create single-or double-mismatched oligomers. All mismatched variants bound less tightly than the correct complementary oligomers, but the relative effect of mismatches on binding affinity varied greatly. For example, whereas the position three A to C mismatch in the oligomer 1491 led to an approx. 5-fold fall in affinity, the position eight U to C mismatch led to an approx. 50-fold fall. When both mismatches were present, the fall was approx. 60-fold. In another example (oligomer 1493), whereas the position three U to C mismatch led to a 18.5-fold fall in affinity and the position eight A to C mismatch led to an 8-fold fall, the introduction of both mismatches led to only a 4.6-fold fall. The variation in magnitude of the fall may reflect contextual differences of the mismatches in that alternative base-pairings may be possible in some cases that may partially mitigate the affinity fall. Taken overall, the results are strongly consistent with correct targeting of the ribosomal A-site by the OMe oligonucleotides.
Competition of the oligomers with antibiotics for the binding to the 30 S subunit
We then tested whether the oligomers that bind to the A site of the 16 S RNA could compete with antibiotics paromomycin and hygromycin B, both known to bind the 16 S RNA A site [4, 35] . In these experiments, a two-to-one ratio between oligomer and the 30 S subunit was used (0.8 µM and 0.4 µM respectively), which was a compromise between the likely optimal conditions for competition and the ability to detect the oligomer redistribution in dialysis. For example under these conditions, 75 % of 30 S subunits (0.3 µM) became saturated by 1493 10-mer, and correspondingly the concentration of free oligomer falls by a significant margin (from 0.8 to 0.5 µM). Note that the apparent K d of 10-mer 1493 under these conditions of oligonucleotide excess is 0.17 µM, somewhat higher than under the conditions of ribosome excess, which is consistent with previous reports of biphasic binding under oligonucleotide excess [19] . None of the antibiotics tested was found to inhibit the oligomer binding, but, unexpectedly, paromomycin addition brought about a significant (< 7.5-fold) increase of the 1493 10-mer binding affinity in a dose-dependent manner ( Figure 4A ). The effect of increase in oligomer-binding affinity was seen also for 10-mers 1489 and 1491 (although less dramatic). Increases in affinity were seen for 1495 and 1497, but not for oligomers 1499-1505 ( Figure 4B ). Possible structural reasons for this enhancement are discussed below. In contrast, another A-site-specific antibiotic, hygromycin B, had no significant effect on any of the 10-mer binding affinities at any concentration. As expected, addition of neither anisomycin nor chloramphenicol, which are not known to bind to the A-site, affected the binding affinity.
In vitro translation inhibition
The set of 10-mer OMe oligonucleotides was also assayed for inhibition of in vitro translation in an E. coli lysate assay. All the OMe oligonucleotides showed some level of activity in the in vitro translation-inhibition assay, and there is a limited, but statistically significant, correlation (r = 0.58; P < 0.05) between the IC 50 values obtained and the K d values of the oligomers binding to the 30 S subunit ( Figure 5 ). For example, the best 10-mer in binding (1493) was found to be one of the two best 10-mers in in vitro translation inhibition. Similarly, 10-mer 1485 was the weakest in both binding and in translation inhibition. A stronger correlation would not be anticipated, since in vitro translation involves numerous and complex steps, and an oligomer could potentially act at a number of levels (e.g. as an mRNA competitor or as a tRNA-binding inhibitor) in addition to any role in A-site-function inhibition. However, the best two OMe 10-mers (1493 and 1499) are as strong translation inhibitors in vitro (IC 50 of approx. 10 µM) as many known antibiotics that target the small ribosomal subunit, including those used in the present study, paromomycin (IC 50 of 10 µM) and hygromycin B (IC 50 of 50 µM) [36] .
DISCUSSION
Filter binding has been the primary method used to date for assessing the binding of oligonucleotides to 50 S ribosomal subunits [18, 19] . We found that where excess oligonucleotide was used (Figure 2B) , some of the 10-mer oligonucleotides did not reach a plateau in the graph where the level of filter retention was titrated against a fixed concentration of 30 S subunits, particularly for weaker interactions. A second problem is the possibility of additional binding to secondary lower-affinity binding sites when excesses of oligonucleotide are used over 30 S subunits ( Figure 2B ). Similar non-plateau binding curves have been reported in a previous study involving the use of excess photolabelled OMe oligonucleotides binding and cross-linking to the peptidyl transferase centre of 50 S subunits [18] . Thus filter binding appears to be inadequate for measurement of dissociation constants over a wide affinity range. We also developed an assay for binding that made use of mobility shift of radiolabelled OMe oligonucleotides when bound to 30 S ribosomal subunits and when subjected to electrophoresis on composite agarose/ polyacrylamide gels. However, once again consistent quantitative data over a range of oligonucleotide affinities could not be obtained (results not shown).
We therefore established an equilibrium-binding assay for the determination of dissociation constants of OMe oligonucleotides from 30 S ribosomal subunits, where the 16 S rRNA A site was used as the target model system. Unlike assays that involve filter binding or other indirect methods, the data produced give true K d values in solution. The values are not affected by parameters such as dissociation occurring within the time taken to carry out gel-based assays or the requirement to bind to a membrane in filter-binding assays. We found that this dialysis technique gives reliable and reproducible binding data over a wide range of K d values (nanomolar to micromolar). Furthermore, the use of an excess of ribosomal subunits over oligonucleotides ensures that the oligonucleotide is used under conditions that reflect binding only at the highest affinity site on the 30 S subunit. It should be noted that we used a fixed concentration (1600 nM) of subunits to determine K d values. For the tightest-binding oligomers (e.g. 1493), almost all is bound to the 30 S subunit under these conditions. A more accurate K d value may be obtained by varying the 30 S excess and by plotting the fraction bound against concentration of 30 S. The value we have obtained is therefore maximal for the tightest-binding oligomers, and binding may possibly be even a little stronger in these cases.
To our knowledge, an equilibrium-binding technique has not been applied to binding of oligonucleotides or other assayable molecules to 30 S subunits, and the technique should in principle be transferrable to 50 S subunits or even whole 70 S ribosomes. Mismatched-oligonucleotide-binding experiments were fully consistent with correct targeting of the A site. We have not been successful to date, however, in attempts to map the site of UV cross-linking of psoralen-labelled OMe 1493 to 30 S subunits by reverse transcription, probably because of difficulties in priming reverse transcription at the compact 3 -end of the 16 S RNA and the close proximity of the A site to the 3 -end (results not shown).
We chose to target 30 S subunits specifically because of the availability of high-resolution crystal structures of these subunits, not only as native structures, but also in complex with a range of antibiotics as well as tRNA and translation proteins. For example, structures are known of several different aminoglycosides bound to 30 S subunits [4, 35] . It was our initial expectation that OMe oligonucleotides might compete with such antibiotics for binding to the 30 S subunit and that this might form the basis for a potential displacement assay for target-specific drug testing, which might be then transferable to other less well-established RNA targets on the ribosome in order to search for drugs that might bind to novel ribosomal targets. In contrast, the binding of OMe oligonucleotides was not reduced by the addition of excesses of aminoglycoside antibiotics, paromomycin and hygromycin B, that target the 30 S ribosomal A site. No effect of hygromycin B was seen on the binding of 10-mer oligonucleotides, but paromomycin addition gave rise to a substantial increase in the binding of 10-mers 1489, 1491 and, particularly, the most strongly interacting 10-mer 1493. Slight increases were seen for 1495 and 1497, but not for other 10-mers targeted further along the strand.
We suggest that the enhancement of binding in the case of paromomycin, and the failure to enhance in the case of hygromycin B, are a consequence of the different ways the two antibiotics interact with the A site. First, we noticed from inspection of the sequence of the 16 S RNA (Figure 1 ) that the three 10-mers where enhancement of binding is particularly pronounced in the presence of paromomycin include one or two U residues complementary to A residues 1492 and 1493. Secondly, the crystal structures of paromomycin complexes with 30 S ribosomes [4, 35] , as well as that of the antibiotic with an isolated A site RNA [37] , show that the drug is inserted into the major groove of the helix and distorts the RNA structure significantly, such that the two A residues 1492 and 1493 are extruded from the RNA helix and are made available for interaction externally ( Figures 6A and 6B) . In a similar manner, the repositioning of residues A 1492 and A 1493 outside of helix 44 has been suggested as the explanation for an increase in binding affinity by a factor of 15 in the presence of paromomycin of near cognate tRNA to 30 S ribosomal subunits [29] . In the absence of the antibiotic, the conformational change is seen only when cognate tRNA binds. The stabilization of the alternative 'closed' conformation of the 30 S subunit is therefore required for tRNA selection and rationalizes the strong effect of paromomycin on translational fidelity [36] . The slight enhancement of binding of 10-mers 1495 and 1497, but not 1499 onwards, probably reflects a limited regional effect of the drug in distorting the RNA helix, and thus slightly enhancing accessibility, but the large binding enhancements seem to be more related to the particular residues A 1492 and A 1493 . In contrast, in the case of hygromycin B, the antibiotic binds predominantly on the surface of the major groove along the helix axis and does not induce the conformational change for residues A 1492 and A 1493 , which instead remain stacked within the helix ( Figure 6C ) [35] . The lack of effect of hygromycin B on binding of OMe oligonucleotides 1489, 1491 and 1493 is therefore fully consistent with the model presented above, since no conformational change occurs in this case. Hygromycin B is considerably weaker in its ability to cause translational misreading [36] , although it still has other translational inhibition activities. Therefore affinity measurement of radiolabelled OMe 10-mer 1493 oligonucleotide binding to 30 S subunits might be used perhaps as a simple and effective assay for new compounds thought to target the ribosome. Hence their ability to trigger the closed conformation, which includes the realignment of residues 1492 and 1493, might act as a predictor of a compound's likelihood to cause translational misreading. If the model we propose is correct, then one might expect other aminoglycoside antibiotics that cause repositioning of residues A 1492 and A 1493 outside the RNA helix to have a similar effect to that of paromomycin. Recently the crystal structure of tobramycin bound to A site RNA was reported [38] , which showed that in this case also, residues A 1492 and A 1493 are indeed repositioned in this way. Accordingly, we have carried out preliminary studies of the effect of tobramycin on the binding affinity of OMe 10-mer 1493 and found that the enhancement observed is of a similar magnitude to that of paromomycin (results not shown). This result strengthens the case for our proposal.
We have looked for evidence as to whether paromomycin is displaced when OMe 10-mer 1493 binds to the 30 S subunit. Preliminary NMR experiments suggest that paromomycin remains bound to the 30 S subunit when 10-mer 1493 is present, but we are unable to ascertain readily whether or not the paromomycin is still at the A site or elsewhere on the ribosome (F. Aboul-ela, unpublished work). It should be noted that aminoglycosides such as paromomycin are notoriously promiscuous in their binding to RNA and, if present in excess, can bind to a range of lower-affinity sites. Even if the paromomycin is still at the A-site, its binding mode might be significantly different. It is not clear whether all of the residues on the target RNA strand complementary to the OMe 10-mer 1493 become available for pairing. We have also not been successful to date in obtaining diffracting co-crystals of 30 S subunits in the presence of 1493 10-mer (J. Murray, personal communication). But we are clear that OMe oligonucleotides do not show competition with aminoglycoside drugs for A site binding, and therefore are not likely to be suitable reagents for general high-throughput screening of potential ribosomal-binding drugs, but instead may be very suitable as specific probes of biologically important RNA conformations induced by drug classes. All OMe oligonucleotides showed some level of inhibitory activity in the in vitro translation assay, but those that had the highest affinities in the binding assay did show some correlation with an increased level of translation inhibition ( Figure 5 ). Phosphodiester [14, 15, 39, 40] , methylphosphonate [13] and PNA (peptide nucleic acid) [41] oligonucleotides complementary to a range of ribosomal RNA sites have been reported previously to inhibit translation in vitro, but, to our knowledge, translation inhibition by OMe oligonucleotides has not been reported before, nor has the A site been reported as a target for oligonucleotide derivatives. The levels of inhibition activity of 10-mers 1493 and 1499 (approx. 10 µM) are similar to those of many aminoglycoside antibiotics [36] .
The translation-inhibition activity of specific binding oligonucleotides is further good evidence for targeting of the A site. It should be noted, however, that penetration of oligonucleotides and their analogues into bacterial cells in culture is rather poor. For example, antibacterial activity of PNA is strong in the case of an unusually permeable E. coli strain AS19, but much weaker for wild-type strain K12 [41] . The use of cell-penetrating peptides such as PNA conjugates was shown to enhance activity in these cell lines [42] . But in general, it would be necessary to solve the bacterial-cell-penetration problem before such materials would be worth exploring as potential antibiotics. Nevertheless, significant improvements may be possible in levels of inhibition of in vitro translation by exploration of the incorporation of tighter-binding analogues that maintain an RNA-like conformation, such as LNAs (locked nucleic acids) [43, 44] . This might allow even stronger binding to the A site on ribosomes or ribosomal subunits.
